
(12) United States Patent 
Haykin 

US008060035B2 

US 8,060,035 B2 
Nov. 15, 2011 

(10) Patent N0.: 
(45) Date of Patent: 

(54) 

(75) 

(73) 

(21) 

(22) 

(86) 

(87) 

(65) 

(60) 

(51) 

(52) 
(58) 

TRANSMIT POWER CONTROL 
TECHNIQUES FOR WIRELESS 
COMMUNICATION SYSTEMS 

Inventor: Simon Haykin, Ancaster (CA) 

Assignee: McMaster University, Ontario (CA) 

Notice: Subject to any disclaimer, the term of this 
patent is extended or adjusted under 35 
U.S.C. 154(b) by 661 days. 

Appl. N0.: 11/577,280 

PCT Filed: Oct. 13, 2005 

PCT No.: 

§ 371 (0X1)’ 
(2), (4) Date: 

PCT/CA2005/001565 

Oct. 29, 2008 

PCT Pub. No.: WO2006/039803 

PCT Pub. Date: Apr. 20, 2006 

Prior Publication Data 

US 2009/0047916 A1 Feb. 19, 2009 

Related US. Application Data 

Provisional application No. 60/617,639, ?led on Oct. 
13, 2004, provisional application No. 60/617,638, 
?led on Oct. 13, 2004. 

Int. Cl. 
H04B 17/00 (2006.01) 
US. Cl. ................... .. 455/115.1; 455/67.l l; 455/69 

Field of Classi?cation Search ................ .. 455/ 522, 

455/69, 67.11467.15, 115141154; 370/241 
See application ?le for complete search history. 

RADIO 
ENVIRONMENT 

(56) References Cited 

U.S. PATENT DOCUMENTS 

5,768,268 A * 6/1998 Kline et al. 
6,052,605 A * 4/2000 Meredith et a1. 
6,084,919 A * 7/2000 Kleider et al. 
6,130,907 A * 10/2000 Chen 
6,714,605 B2 * 3/2004 Sugar et al. 
7,020,482 B2 * 3/2006 Medvedev et a1. .......... .. 455/522 

2002/0061031 Al * 5/2002 Sugar et al. 
2003/0086514 Al * 5/2003 Ginis et a1. .................. .. 375/346 

2003/0128658 Al * 7/2003 Walton et al. 
2003/0157932 Al * 8/2003 Chitrapu 
2003/0181213 Al * 9/2003 Sugar et al. 
2003/0198200 Al * 10/2003 Diener et al. 
2004/0009781 Al * l/2004 Andrews et al. 

(Continued) 

FOREIGN PATENT DOCUMENTS 

WOO30493l9 * 6/2003 

(Continued) 
OTHER PUBLICATIONS 

Search Report dated Feb. 13, 2006 in respect of International PCT 
Application No. PCT/CA2005/001562. 

WO 

(Continued) 
Primary Examiner * Lana N Le 

(74) Attorney, Agent, or Firm * Clark Hill PLC 

(57) ABSTRACT 
Methods and systems of controlling transmit power in a 
multi-user Wireless communication system is provided, A 
transmit power, level for a transmitter is determined accord 
ing to an algorithm based in communication theory, such as 
an iterative water-?lling procedure, Which takes into account 
an assumption of transmit behaviours of transmitters in the 
communication system. Actual transmit behaviours of trans 
mitters in the communication system are monitored using a 
learning algorithm to determine Whether any transmitters 
exhibit transmit behaviours Which are not consistent With the 
assumption. 

27 Claims, 4 Drawing Sheets 

(OUTSIDE WORLD) 
@ 

RE 
ACTION: ST'MU“ 

TRANSMITTED 
SIGNAL 

TRANSIIISITTER RECEIVER 

RADIDESBENE 
TRASMITPTJWER CONTROL, ’* ANAIQIS'S 

AND SPECTRUM . 
MANAGEMENT - a 

E INTERFERENCE 
é TEMPERATURE 

WV CHANNEL-STATE 

ESTIMATION, AND 
QUANTIZED PREDICTIVE MODELING 

CHANNEL CAPACITY SPECTRUM HOLES L9. 
NOISE-FLOOR STATISTICS ____________________________________________ » 
TRAFFIC STATISTICS 



US 8,060,035 B2 
Page 2 

U.S. PATENT DOCUMENTS 

2004/ 0028003 A1 * 2/ 2004 Diener 
2004/0028123 A1 * 2/2004 Sugar et al. 
2004/0047324 A1* 3/2004 Diener 
2004/ 0092281 A1 * 5/2004 Burch?el 
2004/0152423 A1* 8/2004 Reznik ..................... .. 455/67.11 

2004/0198304 A1* 10/2004 Wang 
2005/0018611 A1* 1/2005 Chan et al. .................. .. 370/241 

2009/0197632 A1* 8/2009 Ghosh et al. . 455/522 
2009/0232036 A1* 9/2009 Marx ..... .. . 370/311 

FOREIGN PATENT DOCUMENTS 

WO WOO3049466 * 6/2003 
WO WOO3063384 * 7/2003 
WO WOO3090037 * 10/2003 
WO WOO3092231 * 11/2003 

OTHER PUBLICATIONS 

Search Report dated Nov. 22, 2005 in respect of International PCT 
Application No. PCT/CA2005/001565. 
Supplementary Search Report dated Nov. 28, 2008 issued in respect 
of European Application No. 057945867 
Supplementary Search Report dated Nov. 28, 2008 issued in respect 
of European Application No. 057971814. 
“Extrapolation algorithms for discrete signals with application in 
spectral estimation”, Jain A.; Ranganath, S., Acoustics, Speech and 
Signal Processing [see also IEEE Transactions on Signal Processing] 
vol. 29, Issue 4, Aug. 1981, pp. 830-845 (entire document). 
“Singular value decomposition, singular vectors, and the discrete 
prolate spheroidal sequences”, Zhou, Y.; Rushforth, C.; Frost, R.; 
Acoustics, Speech, and Signal Processing, IEEE International Con 
ference on ICASSP ’84. vol. 9, Part 1, Mar. 1984, pp. 92-95 (entire 
document). 
Haykin: “Cognitive Radio: Brain Empowered Wireless Communica 
tions”, IEEE Journal on Selected Areas in Communications, vol. 23, 
No. 2; Feb. 2005, pp. 201-220 (whole document). 
Yu, et al.: “Distributed Multiuser Power Control for Digital Sub 
scriber Lines”; IEEE Journal on Selected Areas in Communications, 
vol. 20, No. 5; Jun. 2002, pp. 1105-1115 (whole document). 

Ye et al.: “Optimized Signalling for MIMO Interference Systems 
with Feedback”; IEEE Transactions on Signal Processing, vol. 51, 
No. 11; Nov. 2003, pp. 2839-2848 (whole document). 
Scutari G. et al.: “On the Maximum Achievable Rates in Wireless 
Meshed Networks: Centralized versus Decentralized Solutions”, 
IEEE International Conference on Acoustics, Speech and Signal 
Processing, vol. 4; May 17-21, 2004; pp. iv-573-iv 576 vol. 4 (whole 
document). 
Weiss, Jondral: “Spectrum pooling: an innovative strategy for the 
enhancement of spectrum ef?ciency”, IEEE Communications Maga 
zine, vol. 42, No. 3, Mar. 2004, pp. S8-S14, XP011108909 
Piscataway, US. 
Thomson: “Spectrum estimation and harmonic analysis” Proceed 
ings of the IEEE, vol. 70, No. 9, Sep. 1982 pp. 1055-1096, 
XP000909959 New York, US. 
“SDR Technology Implementation for the Cognitive Radio”, Bruce 
Fette, General Dynamics, 2003, pp. 1-32. 
“Comments of the Wireless Communications Association Interna 
tional, Inc.”, Paul J. Sinderbrand; Before the Federal Communica 
tions Commission, Washington, DC, Apr. 5, 2004, 33 pages. 
“Cognitive Radio Technologies in the Commercial Area”, Bill Lane, 
FCC Cognitive Radio Workshop, Apr. 19, 2003, pp. 1-13. 
“Beyond the Outer LimitsiXG Next Generation Communications”, 
Preston Marshall, FCC Cognitive Radio Conference, Apr. 19, 2003, 
pp. 1-12. 
“Cognitive Radio, An Integrated Agent Architecture for Software 
De?ned Radio”, Joseph Mitola III, Royal Institute of Technology, 
May 8, 2000, 313 pages. 
“Frequency Agile Spectrum Access Technologies”, Mark McHenry, 
FCC Workshop on Cognitive Radios, May 19, 2003, pp. 1-25. 
SmartRRM for WLANS, InterDigital, Brochure, © 2004, 2 pages. 
Jeff Foerster, Evan Green, Srinivasa Somayazulu, David Leeper, 
“Ultra-Wideband Technology for Short- or Medium-Range Wireless 
Communications”, Intel Technology Journal, Q2, 2001, pp. 1-11. 
SPECTRUM Policy and Technology, Spectrum Access and the 
Promise of Cognitive Radio Technology; May 19, 2003, 11 pages. 
http://webarchive.org/web/20040714082438/http://www.mrc-cbu. 
cam.ac.uk (downloaded Aug. 31, 2010). 

* cited by examiner 



US. Patent Nov. 15, 2011 Sheet 1 014 US 8,060,035 B2 

RADIO v ENVIRONMENT 
(OUTSIDE WORLD) ‘ ' 

10 / 
RF 

TRANSMITTED 
SIGNAL V 

""""" 'T'EIAN'S'M'I'T'T'ER' """"" """"""" 

i 3.2 i 1% 

I E : RADIIJSBENE TRASMIT-POWERBIJNTEML, ; ANAgS'S 4; 
= AND SPECTRUM L 5 m ; 

MANAGEMENT ; ,\ L6. 5 a INTEREERENSEI 

A A TEMPERATURE; 
......................................... .. : v 5 

CHANNEL-STATE 
/ \ I ESTIMATION, AND A; 

?UANTlZED I g PREDICTIVE MODELING ‘; 
CHANNEL CAPACITY SPECTRUM HOLES 19, I 

NOISE-FLOOR STATISTICS _ 
TRAFFIC STATISTICS 

ETEGQ A 



US. Patent Nov. 15, 2011 Sheet 2 0f4 US 8,060,035 B2 

MARKUV DECISION PROCESS: 
- SINGLE PLAYER 
* MULTIPLE STATES 

MATRIX GAMES: 
- MULTIPLE PLAYERS 
- SINGLE STATE 

STDCHASTIC GAMES: 
- MULTIPLE PLAYERS 
- MULTIPLE STATES 

Fig. 2 

TRANSMITTER 

TRANSSIIITTER O r RECEIVER 



US. Patent Nov. 15, 2011 Sheet 3 0f4 US 8,060,035 B2 

U . I l I I 

A >K-w MEIR >§< 

swans 3 BITS 3 BITS 4 BITS 4 BITS 4 BITS 

FREQUENCY [TOTAL PDWER LIMIT 

mu 

-ID 
USER I USER 2 l-lell 

NNNIIIINNNJ III II 
INTERFERENCE TD USER 2 

BY USER I 

INTERFERENCE TD USER I POWER SPECTRUM (dB) 

BAND ASSIGNED TD BAND ASSIGNED TD 
USER I USER 2 

\ DETERMINE TRANSMIT 52 
m POWER LEVEL v 

I 
NIDNITDR TRANSMIT 54 

BEHAVIDURS V 
Y 

4.1 
BEHAVIUURS 56 

BDNSleTENT 
h m 

TAKE CORRECTIVE )8 
ACTION “ 

ETEQG 5 



US. Patent Nov. 15, 2011 Sheet 4 0f4 US 8,060,035 B2 

COMMUNICATION EQUIPMENT 

TRANSCEIVER . 

.04. '~ Y 
\02 

PROCESSOR MEMORY 
§§ 00 

EEG” 6 

SPECTRAL SKETCH OF 
THE TRANSMITTED 

I. m» I. I 

WAN/m m 
“MM III II II I“?! 

FREQUENCY 

TIME, Z‘z 

EEG, ’7 



US 8,060,035 B2 
1 

TRANSMIT POWER CONTROL 
TECHNIQUES FOR WIRELESS 
COMMUNICATION SYSTEMS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application claims the bene?t of US. Provisional 
Patent Application Ser. Nos. 60/617,638 and 60/617,639, 
both ?led on Oct. 13, 2004. 

This application also claims the bene?t of, and is a National 
Phase Entry of, PCT Application Serial No. PCT/CA2005/ 
001565, ?led Oct. 13, 2005, which in turn claims the bene?t 
of the above provisional patent applications. 

The entire contents of these related patent applications are 
incorporated in their entirety herein by reference. 

FIELD OF THE INVENTION 

This invention relates generally to wireless communica 
tions and, in particular, to controlling transmitter power in 
wireless communication systems. 

BACKGROUND 

In the ?eld of wireless communications, cognitive radio is 
viewed as a novel approach for improving the utilization of a 
precious natural resource, the radio electromagnetic spec 
trum. 

The cognitive radio, built on a software-de?ned radio, is 
de?ned as an intelligent wireless communication system that 
is aware of its environment and uses the methodology of 
understanding-by-building to learn from the environment and 
adapt to statistical variations in the input stimuli, with two 
primary objectives in mind, namely highly reliable commu 
nication whenever and wherever needed, and ef?cient utili 
zation of the radio spectrum. 

Attaining these objectives in cognitive radio may therefore 
involve controlling communication equipment in such a man 
ner as to provide reliable communications while reducing 
adverse effects on other communication equipment. Conven 
tional communication techniques, however, typically exploit 
available communication resources for the bene?t of particu 
lar communication equipment, one particular user for 
instance, without substantial consideration of impact on other 
communication equipment. 

SUMMARY OF THE INVENTION 

According to one broad aspect of the invention, there is 
provided a method of controlling transmit power in a multi 
user wireless communication system. The method involves 
determining a transmit power level for a transmitter in the 
wireless communication system according to a communica 
tion theory algorithm. The communication theory algorithm 
is based on an assumption of behaviours of transmitters in the 
communication system. The method also involves monitor 
ing behaviours of the transmitters in the communication sys 
tem using a learning algorithm. 

In some embodiments, the communication theory algo 
rithm comprises an iterative water-?lling procedure which 
accounts for determined transmit power levels of the trans 
mitter and other transmitters in the communication system. 

In some embodiments, the iterative water-?lling procedure 
involves initialiZing a transmit power distribution across n 
transmitters, performing water-?lling for the transmitter to 
determine a transmit power level for a target data transmis 
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2 
sion rate of the transmitter subject to a power constraint for 
the transmitter and a level of interference, the level of inter 
ference comprising a noise ?oor plus either initialized trans 
mit power levels or previously determined transmit power 
levels for the other transmitters, determining whether a data 
transmission rate of the transmitter is greater than or less than 
a target data transmission rate of the transmitter, and if so, 
adjusting the determined transmit power level for the trans 
mitter, determining whether a target data transmission rate of 
at least one of the n transmitters is not satis?ed by a respective 
adjusted transmit power level for the at least one transmitter, 
and repeating the operation of performing water-?lling where 
the target data transmission rate of at least one of the n 
transmitters is not satis?ed. 

In some embodiments, the operations of performing, deter 
mining whether a data transmission rate of a transmitter is 
greater than or less than a target transmission rate, and adjust 
ing are repeated for each of the other transmitters. 

In some embodiments, determining whether the target data 
transmission rate of at least one of the n transmitters is not 
satis?ed comprises determining whether the target data trans 
mission rates of all of the n transmitters are not satis?ed, and 
repeating the operation of performing water-?lling comprises 
repeating the operation of performing water-?lling where the 
target data transmission rates of all of the n transmitters are 
not satis?ed. 

In some embodiments, adjusting comprises reducing the 
determined transmit power level for the transmitter where the 
data transmission rate of the transmitter is greater than the 
target data transmission rate of the transmitter. 

In some embodiments, where the data transmission rate of 
the transmitter is less than the target data transmission rate of 
the transmitter, adjusting comprises determining whether 
increasing the determined transmit power level of the trans 
mitter would violate an interference level limit, and increas 
ing the determined transmit power level of the transmitter 
where increasing the determined transmit power level of the 
transmitter would not violate an interference level limit. 

In some embodiments, the interference level limit com 
prises an interference temperature limit. 

In some embodiments, determining whether the target data 
transmission rate of at least one of the n transmitters is not 
satis?ed comprises determining whether the data transmis 
sion rate differs from the target data transmission rate by a 
predetermined amount. 

In some embodiments, monitoring comprises determining 
whether the behaviours of the transmitters are consistent with 
the assumption of behaviours, and the method further com 
prises generating an alert where the behaviour of one or more 
of the transmitters is not consistent with the assumption. 

In some embodiments, the method further comprises tak 
ing corrective action affecting the one or more of the trans 
mitters responsive to the alert. 

In some embodiments, the method further comprises 
detecting at least one spectrum hole, and determining com 
prises determining a transmit power level for the transmitter 
for transmission within the at least one spectrum hole. 

In some embodiments, the method further comprises pre 
dicting subsequent availability of the at least one spectrum 
hole, and repeating the operations of determining and moni 
toring when the at least one spectrum hole is predicted to 
become unavailable. 

In some embodiments, the method further comprises 
detecting a further spectrum hole, detecting an increase in 
interference in the at least one spectrum hole, and repeating 
the operations of determining and monitoring to control 
transmit power levels for the transmitter for transmission 
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within the further spectrum hole responsive to detecting an 
increase in interference in the at least one spectrum hole. 

In some embodiments, the method further comprises deter 
mining a position of the transmitter relative to other transmit 
ters in the communication system. 

In some embodiments, the method further comprises deter 
mining a multi-user path loss matrix of the operating envi 
ronment of the transmitter based on the determined position 
of the transmitter relative to the other transmitters. 

In some embodiments, the learning algorithm comprises a 
regret-conscious learning algorithm. 

In some embodiments, the learning algorithm comprises a 
Lagrangian learning algorithm. 

In some embodiments, the method further comprises 
adapting a modulation strategy for transmission of data by the 
transmitter where the data transmission rate of the transmitter 
is less than the target data transmission rate of the transmitter 
and increasing the determined transmit power level of the 
transmitter would violate an interference level limit. 

In some embodiments, determining whether increasing the 
determined transmit power level of the transmitter would 
violate an interference level limit comprises determining 
whether increasing the determined transmit power level of the 
transmitter would violate an interference level limit within a 
spectrum hole, and the method further comprises, where the 
data transmission rate of the transmitter is less than the target 
data transmission rate of the transmitter and increasing the 
determined transmit power level of the transmitter would 
violate an interference level limit within the spectrum hole, 
detecting a further spectrum hole, and determining a further 
transmit power level for the transmitter for transmission 
within the new spectrum hole. 

In some embodiments, a machine-readable medium stores 
instructions which when executed perform the method. 

Another broad aspect of the invention provides a system for 
controlling transmit power in a multi-user wireless commu 
nication system. The system includes an input for receiving 
information associated with transmit behaviours of transmit 
ters in the wireless communication system, and a processor 
operatively coupled to the input. The processor is con?gured 
to determine a transmit power level for a transmitter in the 
wireless communication system according to a communica 
tion theory algorithm, the communication theory algorithm 
being based on an as sumption of transmit behaviours of trans 
mitters in the communication system, and to monitor the 
transmit behaviours of the transmitters in the communication 
system using a learning algorithm. 

In some embodiments, the processor is further con?gured 
to implement a cognitive radio. 

In some embodiments, the communication theory algo 
rithm comprises an iterative water-?lling procedure, the itera 
tive water-?lling procedure accounting for determined trans 
mit power levels of the transmitter and other transmitters in 
the communication system. 

In some embodiments, the processor is con?gured to deter 
mine a transmit power level for the transmitter by initialiZing 
a transmit power distribution across n transmitters, perform 
ing water-?lling for the transmitter to determine a transmit 
power level for a target data transmission rate of the transmit 
ter subject to a power constraint for the transmitter and a level 
of interference, the level of interference comprising a noise 
?oor plus either initialized transmit power levels or previ 
ously determined transmit power levels for the other trans 
mitters, determining whether a data transmission rate of the 
transmitter is greater than or less than a target data transmis 
sion rate of the transmitter, and if so, adjusting the determined 
transmit power level for the transmitter, determining whether 
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4 
a target data transmission rate of at least one of the n trans 
mitters is not satis?ed by a respective adjusted transmit power 
level for the at least one transmitter, and repeating the opera 
tion of performing water-?lling where the target data trans 
mission rate of at least one of the n transmitters is not satis?ed. 

In some embodiments, the processor is further con?gured 
to determine whether the target data transmission rate of at 
least one of the n transmitters is not satis?ed by determining 
whether the target data transmission rates of all of the n 
transmitters are not satis?ed, and to repeat the operation of 
performing water-?lling where the target data transmission 
rates of all of the n transmitters are not satis?ed. 

In some embodiments, the processor is con?gured to adjust 
the determined transmit power level by reducing the deter 
mined transmit power level for the transmitter where the data 
transmission rate of the transmitter is greater than the target 
data transmission rate of the transmitter. 

In some embodiments, the processor is further con?gured 
to adjust the determined transmit power level by determining 
whether increasing the determined transmit power level of the 
transmitter would violate an interference level limit, where 
the data transmission rate of the transmitter is less than the 
target data transmission rate of the transmitter, and increasing 
the determined transmit power level of the transmitter where 
increasing the determined transmit power level of the trans 
mitter would not violate an interference level limit. 

In some embodiments, the processor is con?gured to deter 
mine whether the target data transmission rate of at least one 
of the n transmitter is not satis?ed by determining whether the 
data transmission rate differs from the target data transmis 
sion rate by a predetermined amount. 

In some embodiments, the processor is con?gured to moni 
tor the transmit behaviours of the transmitters by determining 
whether the behaviours of the transmitters are consistent with 
the assumption of behaviours, and the processor is further 
con?gured to generate an alert where the behaviour of one or 
more of the transmitters is not consistent with the assumption. 

In some embodiments, the processor is further con?gured 
to detect at least one spectrum hole, and to determine a trans 
mit power level by determining a transmit power level for the 
transmitter for transmission within the at least one spectrum 
hole. 

In some embodiments, the at least one spectrum hole com 
prises a plurality of spectrum holes, and the processor is 
con?gured to determine a transmit power level by determin 
ing a set of transmit power levels comprising multiple trans 
mit power levels for transmission within respective ones of 
the plurality of spectrum holes. 

In some embodiments, the processor is further con?gured 
to predict subsequent availability of the at least one spectrum 
hole, and to repeat the operations of determining and adapting 
when the at least one spectrum hole is predicted to become 
unavailable. 

In some embodiments, the processor is further con?gured 
to detect a further spectrum hole, to detect an increase in 
interference in the at least one spectrum hole, and to repeat the 
operations of determining and adapting to control transmit 
power levels for the transmitter for transmission within the 
further spectrum hole responsive to detecting an increase in 
interference in the at least one spectrum hole. 

In some embodiments, the processor is further con?gured 
to determine a position of the transmitter relative to the other 
users. 

In some embodiments, the system also includes a Global 
Positioning System (GPS) receiver, and the processor is 
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operatively coupled to the GPS receiver and con?gured to 
determine a position of the transmitter based on signals 
received by the GPS receiver. 

In some embodiments, the processor is further con?gured 
to determine a multi-user path loss matrix of the operating 
environment of the transmitter based on the determined posi 
tion of the transmitter relative to the other transmitters. 

In some embodiments, the processor is further con?gured 
to adapt a modulation strategy for transmission of data by the 
transmitter where the data transmission rate of the transmitter 
is less than the target data transmission rate of the transmitter 
and increasing the determined transmit power level of the 
transmitter would violate an interference level limit. 

In some embodiments, the processor is con?gured to deter 
mine whether increasing the determined transmit power level 
of the transmitter would violate an interference level limit by 
determining whether increasing the determined transmit 
power level of the transmitter would violate an interference 
level limit within a spectrum hole, and the processor is further 
con?gured to detect a further spectrum hole and to determine 
a further transmit power level for the transmitter for transmis 
sion within the further spectrum hole, where the data trans 
mission rate of the transmitter is less than the target data 
transmission rate of the transmitter and increasing the deter 
mined transmit power level of the transmitter would violate 
an interference level limit within the spectrum hole. 

In some embodiments, the communication system com 
prises a Multiple-Input Multiple-Output (MIMO) communi 
cation system. 

In some embodiments, the system is implemented in at 
least one of a mobile communication device and a base station 
in the communication system. 

In some embodiments, the communication system is con 
?gured for communication of Orthogonal Frequency Divi 
sion Multiplexing (OFDM) signals. 

In some embodiments, the system is implemented in a 
plurality of communication devices, each of the plurality of 
communication devices comprising a transmitter and a pro 
cessor con?gured to determine a transmit power level for the 
transmitter according to the communication theory algo 
rithm, and to monitor transmit behaviours of others commu 
nication devices of the plurality of communication devices 
using the learning algorithm. 

Other aspects and features of embodiments of the present 
invention will become apparent to those ordinarily skilled in 
the art upon review of the following description of speci?c 
illustrative embodiments of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Examples of embodiments of the invention will now be 
described in greater detail with reference to the accompany 
ing drawings, in which: 

FIG. 1 is a block diagram representation of a cognitive 
cycle; 

FIG. 2 is a block diagram illustrating differences between 
Markov decision processes, matrix games, and stochastic 
games; 

FIG. 3 is a signal ?ow graph of a two-user communication 

scenario; 
FIG. 4 is a plot of results of an illustrative experiment on a 

two-user wireless communication scenario; 
FIG. 5 is a ?ow diagram of a transmit power control 

method according to an embodiment of the invention; 
FIG. 6 is a block diagram of communication equipment in 

which embodiments of the invention may be implemented; 
and 
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6 
FIG. 7 is a time-frequency plot illustrating dynamic spec 

trum sharing for OFDM. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

The electromagnetic radio spectrum is a natural resource, 
the use of which by transmitters and receivers is licensed by 
governments. In November 2002, the Federal Communica 
tions Commission (FCC) published a Report (ET Docket No. 
02-135) prepared by the Spectrum-Policy Task Force aimed 
at improving the way in which this precious resource is man 
aged in the United States of America. Among the Task Force 
Major Findings and Recommendations, the second Finding 
on page 3 of the Report is rather revealing in the context of 
spectrum utilization: 

In many bands, spectrum access is a more signi?cant prob 
lem than physical scarcity of spectrum, in large part due 
to legacy command-and-control regulation that limits 
the ability of potential spectrum users to obtain such 
access. 

Indeed, a scan of portions of the radio spectrum would 
likely ?nd that some frequency bands in the spectrum are 
largely unoccupied most of the time, other frequency bands 
are only partially occupied, and the remaining frequency 
bands are heavily used. 

The under-utilization of the electromagnetic spectrum 
leads us to think in terms of “spectrum holes”. A spectrum 
hole may be generally considered as a band of frequencies 
assigned to a primary user, which at a particular time and 
speci?c geographic location is not being utilized by its pri 
mary user. 

Spectrum utilization can be improved signi?cantly by 
making it possible for a secondary user who is not being 
serviced to access a spectrum hole which is not being utilized 
by the primary user at a current time and location of the 
secondary user. Cognitive radio, inclusive of software-de 
?ned radio, may offer a means to promote the ef?cient use of 
the spectrum by exploiting the existence of spectrum holes. 

At this point, it may be useful to consider what is meant by 
“cognitive radio”. The Encyclopedia of Computer Science 
(A. Ralston and E. D. Reilly, Encyclopedia of Computer 
Science, pp. 186-186, Van Nostrand Reinhold, 1993), pro 
vides a three-point computational view of cognition: 

(i) mental states and processes intervene between input 
stimuli and output responses; 

(ii) the mental states and processes are described by algo 
rithms; and 

(iii) the mental states and processes lend themselves to 
scienti?c investigations. 

Moreover, it may be inferred that the interdisciplinary 
study of cognition is concerned with exploring general prin 
ciples of intelligence through a synthetic methodology which 
is generally termed learning by understanding. Putting these 
ideas together and bearing in mind that cognitive radio is 
aimed at improved utilization of the radio spectrum, the fol 
lowing de?nition for cognitive radio may be appropriate: 

Cognitive radio is an intelligent wireless communication 
system that is aware of its surrounding environment (i.e., 
outside world), and uses the methodology of under 
standing-by-building to learn from the environment and 
adapt its internal states to statistical variations in incom 
ing RF stimuli by making corresponding changes in 
certain operating parameters (e.g., transmit-power, car 
rier-frequency, and modulation strategy) in real-time, 
with two primary objectives in mind: 
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highly reliable communications whenever and wherever 
needed, and 

ef?cient utilization of the radio spectrum. 
Six key words stand out in the above de?nition: awareness, 

intelligence, learning, adaptivity, reliability, and ef?ciency. 
The awareness capability of cognitive radio, for example, 
may embody awareness with respect to transmitted wave 
forms, radio frequency (RF) spectrum, communication net 
work, geography, locally available services, user needs, lan 
guage, situation, and security policy. 

Implementation of this far-reaching combination of capa 
bilities is indeed feasible today, thanks to the advances in 
digital signal processing, networking, machine learning, 
computer software, and computer hardware. 

In addition to these cognitive capabilities, a cognitive radio 
is also endowed with recon?gurability. This latter capability 
is provided by a platform known as software-de?ned radio, 
upon which a cognitive radio is built. Software-de?ned radio 
(SDR) is a practical reality today, thanks to the convergence 
of digital radio and computer software technologies. Recon 
?gurability may provide the basis for such features as adap 
tation of a radio interface so as to accommodate variations in 
the development of new interface standards, incorporation of 
new applications and services as they emerge, incorporation 
of updates in software technology, and exploitation of ?exible 
services provided by radio networks, for example. 

For recon?gurability, a cognitive radio looks naturally to 
software-de?ned radio. For other tasks of a cognitive kind, the 
cognitive radio looks to signal-processing and machine 
leaming procedures for their implementation. The cognitive 
process, in accordance with embodiments of the invention, 
starts with the passive sensing of RF stimuli and culminates 
with action. 

Cognitive radio may thus involve the following three on 
line cognitive tasks. The following list includes some of the 
primary cognitive tasks associated with cognitive radio, but is 
no way intended to be exhaustive: 

(i) operating environment or radio-scene analysis, which 
encompasses estimation of interference, illustratively as 
an interference temperature, of the radio environment 
and detection of spectrum holes; 

(ii) channel identi?cation, which encompasses estimation 
of channel-state information (CSI), and prediction of 
channel capacity for use by a transmitter; and 

(iii) transmit-power control and dynamic spectrum man 
agement. 

These three tasks form a cognitive cycle, which is pictured 
in one basic form in the block diagram of FIG. 1. Through 
interaction with the RF environment 10, tasks (i) and (ii), 
shown at 18 and 19 in FIG. 1, would typically be carried out 
in a receiver 14, whereas task (iii), shown in FIG. 1 at 16, is 
carried out in a transmitter 12. 

The cognitive cycle shown in FIG. 1 pertains to a one-way 
communication path, with the transmitter 12 and the receiver 
14 located in two different places. In a two-way communica 
tion scenario, both a receiver and a transmitter or alternatively 
a transceiver (i.e., a combination of transmitter and receiver) 
would be provided at communication equipment at each end 
of the communication path. All of the cognitive functions 
embodied in the cognitive cycle of FIG. 1 are then supported 
at each of a wireless communication device and a base station, 
for example. 
From this brief discussion, it is apparent that a cognitive 

module in the transmitter 12 preferably works in a harmoni 
ous manner with the cognitive modules in the receiver 14. In 
order to maintain this harmony between the cognitive radio’ s 
transmitter 12 and receiver 14 at all times, a feedback channel 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

8 
connecting the receiver 14 to the transmitter 12 may be pro 
vided. Through the feedback channel, the receiver 14 is 
enabled to convey information on the performance of the 
forward link to the transmitter 12. The cognitive radio, in one 
implementation, is therefore an example of a feedback com 
munication system. 
One other comment is in order. A broadly-de?ned cogni 

tive radio technology accommodates a scale of differing 
degrees of cognition. At one end of the scale, the user may 
simply pick a spectrum hole and build its cognitive cycle 
around that hole. At the other end of the scale, the user may 
employ multiple implementation technologies to build its 
cognitive cycle around a wideband spectrum hole or set of 
narrowband spectrum holes to provide the best expected per 
formance in terms of spectrum management and transmit 
power control, and do so in the most highly secure manner 
possible. 
From a historical perspective, the development of cogni 

tive radio is still at a conceptual stage, unlike conventional 
radio. Nevertheless, cognitive radio may have the potential 
for making a signi?cant difference to the way in which the 
radio spectrum can be accessed with improved utilization of 
the spectrum as a primary objective. Indeed, given its poten 
tial, cognitive radio can be justi?ably described as a disrup 
tive, but unobtrusive technology. 

Embodiments of the present invention relate to signal 
processing and adaptive procedures which lie at the heart of 
cognitive radio. In particular, the present application dis 
closes transmit power control techniques. Radio scene analy 
sis in cognitive radio is described in detail in International 
(PCT) Patent Application Ser. No. PCT/CA2005/001562, 
entitled “OPERATING ENVIRONMENT ANALYSIS 
TECHNIQUES FOR WIRELESS COMMUNICATION 
SYSTEMS”, ?led on Oct. 13, 2005, the entire contents of 
which are incorporated herein by reference, and in the above 
referenced US. Provisional Patent Application Ser. No. 
60/617,638. 

In the following description, multi-user cognitive radio 
networks are considered, with a review of stochastic games 
highlighting the processes of cooperation and competition 
that characterize multi-user networks. An iterative water-?ll 
ing procedure for distributed transmit power control is then 
proposed. Dynamic spectrum management, which may be 
performed hand-in-hand with transmit power control, is also 
discussed. 

In conventional wireless communications built around 
base stations, transmit power levels are controlled by the base 
stations so as to provide a required coverage area and thereby 
provide desired receiver performance. On the other hand, it 
may be necessary for a cognitive radio to operate in a decen 
tralized manner, thereby broadening the scope of its applica 
tions. In such a case, some alternative control mechanism for 
transmit power may be desirable. One key issue to be consid 
ered is how transmit power control can be achieved at the 
transmitter. 
A partial answer to this fundamental question lies in build 

ing cooperative mechanisms into the way in which multiple 
access by users to the cognitive radio channel is accom 
plished. The cooperative mechanisms may include, for 
example, any of the following: 

(i) Etiquette and protocol. Such provisions may be likened 
to the use of traf?c lights, stop signs, and speed limits, 
which are intended for motorists (using a highly dense 
transportation system of roads and highways) for their 
individual safety and bene?ts. 
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(ii) Cooperative ad-hoc networks. In such networks, the 
users communicate with each other without any ?xed 
infrastructure. 

In T. J. Shepard, “Decentralized Channel Management in 
Scalable Multihop Spread-Spectrum Packet Radio Net 
works”, Ph.D. Thesis, MIT, July 1995, Shepard studies a large 
packet radio network using spread-spectrum modulation and 
a cooperative mechanism of type (ii). The only required form 
of coordination in the network is pairwise, between neigh 
boring nodes (users) that are in direct communication. To 
mitigate interference, it is proposed that each node create a 
transmit-receive schedule. The schedule is communicated to 
a nearest neighbor only when a source node’s schedule and 
that of the neighboring node permit the source node to trans 
mit it and the neighboring node to receive it. Under some 
reasonable assumptions, simulations are presented to show 
that with this completely decentralized control, the network 
can scale to almost arbitrary numbers of nodes. 
An independent and like-minded study (P. Gupta and P. R. 

Kumar, “The Capacity of Wireless Networks”, IEEE Trans. 
Information Theory, Vol. 46, Issue: 2, pp. 388-404, 2000) 
considered a radio network consisting of n identical nodes 
that communicate with each other and also use a cooperative 
mechanism of the second type. The nodes are arbitrarily 
located inside a disk of unit area. A data packet produced by 
a source node is transmitted to a sink node (i.e., destination) 
via a series of hops across intermediate nodes in the network. 
If one bit-meter denotes one bit of information transmitted 
across a distance of one meter toward its destination, then the 
transport capacity of the network is de?ned as the total num 
ber of bit-meters that the network can transport in one second 
for all n nodes. Under a protocol model of noninterference, 
Gupta and Kumar derive two signi?cant results. First, the 
transport capacity of the network increases with n. Second, 
for a node communicating with another node at a distance 
nonvanishingly far away, the throughput (in bits per second) 
decreases with increasing n. These results are consistent with 
those of Shepard. However, Gupta and Kumar do not consider 
the congestion problem identi?ed in Shepard’s work. 

Through the cooperative mechanisms described under (i) 
and (ii) and other cooperative means, the users of cognitive 
radio may be able to bene?t from cooperation with each other 
in that the system could end up being able to support more 
users because of the potential for an improved spectrum 
management strategy. 

The cooperative ad-hoc networks studied by Shepard and 
by Gupta and Kumar are examples of a new generation of 
wireless networks, which, in a loose sense, resemble the 
Internet. In any event, in cognitive radio environments built 
around ad-hoc networks and existing infrastructured net 
works, it is possible to ?nd the multi-user communication 
process being complicated by another phenomenon, namely 
competition, which works in opposition to cooperation. 

Basically, the driving force behind competition in a multi 
user environment lies in having to operate under the umbrella 
of limitations imposed on available network resources. Given 
such an environment, a particular user may try to exploit the 
cognitive radio channel for self-enrichment in one form or 
another, which, in turn, may prompt other users to do like 
wise. However, exploitation via competition should not be 
confused with the self-orientation of cognitive radio which 
involves the assignment of priority to certain stimuli (e.g., 
urgent requirements or needs). In any event, the control of 
transmit power in a multi-user cognitive radio environment 
may operate under two stringent limitations on network 
resources, speci?cally an interference or interference-tem 
perature limit which might be imposed by regulatory agen 
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10 
cies or other entities, and the availability of a limited number 
of spectrum “holes” depending on usage. 
What is described above is a multi-user communication 

theoretic problem. Unfortunately, a complete understanding 
of multi-user communication theory is yet to be developed. 
Nevertheless, we know enough about two diverse disciplines, 
namely, information theory and game theory, for us to tackle 
this dif?cult problem in a meaningful way. However, before 
proceeding further, we digress brie?y to introduce some basic 
concepts in game theory. 
The transmit-power control problems in a cognitive radio 

environment involving multiple users may be viewed as a 
game-theoretic problem. 

In the absence of competition, we would then have an 
entirely cooperative game, in which case the problem simpli 
?es to an optimal control-theoretic problem. This simpli?ca 
tion is achieved by ?nding a single cost function that is 
optimized by all the players, thereby eliminating the game 
theoretic aspects of the problem. So, the issue of interest is 
how to deal with a non-cooperative game involving multiple 
players. To formulate a mathematical framework for such an 
environment, three basic realities should be accounted for: 

(i) a state space that is the product of the individual players’ 
states; 

(ii) state transitions that are functions of joint actions taken 
by the players; and 

(iii) payoffs to individual players that depend on joint 
actions as well. 

That framework is found in stochastic games, which also 
occasionally appear under the name “Markov games” in com 
puter science literature. 

A stochastic game is described by the ?ve-tuple {N,S,A,P, 

H}, where 
N is a set ofplayers, indexed l, 2, . . . , n; 

S is a set of possible states; 

A is a joint-action space de?ned by the product set Al>< 
A2>< . . . ><An, where Aj is the set of actions available to the jth 
player; 
P is a probabilistic transition function, an element of which 

for joint action a satis?es the condition 

for all s'eS and aeA; and 

HIrlxrzx . . . xrn, where rj is the payoff for the jth player 
and which is a function of the joint actions of all n players. 
One other notational issue: the action of player jeN is 

denoted by a], while the joint actions of the other n—l players 
in the set N are denoted by a_j. Similar notation is used herein 
for some other variables. 

Stochastic games are supersets of two kinds of decision 
processes, namely Markov decision process and matrix 
games, as illustrated in FIG. 2. A Markov decision process as 
shown at 20 is a special case of a stochastic game 24 with a 
single player, that is, n:l . On the other hand, a matrix game as 
shown at 22 is a special case of a stochastic game 24 with a 
single state, that is, |S|:l. 
With two or more players, often referred to as agents in 

machine learning literature, being an integral part of a game, 
it is natural for the study of cognitive radio to be motivated by 
certain ideas in game theory. Prominent among those ideas 
for ?nite games (i.e., stochastic games for which each player 
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has only a ?nite number of alternative courses of action) is 
that of a Nash equilibrium, so named for the Nobel Laureate 
John Nash. 
A Nash equilibrium is de?ned as an action pro?le (i.e., a 

vector of players’ actions) in which each action is a best 
response to the actions of all the other players. According to 
this de?nition, a Nash equilibrium is a stable operating or 
equilibrium point in the sense that there is no incentive for any 
player involved in a ?nite game to change strategy given that 
all the other players continue to follow the equilibrium policy. 
The important point to note here is that the Nash-equilibrium 
approach provides a powerful tool for modeling nonstation 
ary processes. Simply put, it has had an enormous in?uence 
on the evolution of game theory by shifting its emphasis 
toward the study of equilibria as a predictive concept. 

With the learning process modeled as a repeated stochastic 
game (i.e., repeated version of a one-shot game), each player 
gets to know the past behavior of the other players, which may 
in?uence the current decision to be made. In such a game, the 
task of a player is to select the best mixed strategy, given 
information on the mixed strategies of all other players in the 
game. Hereafter, other players are referred to primarily as 
“opponents”. A mixed strategy is de?ned as a continuous 
randomization by a player of its own actions, in which the 
actions (i.e., pure strategies) are selected in a deterministic 
manner. Stated in another way, the mixed strategy of a player 
is a random variable whose values are the pure strategies of 
that player. 

To explain what we mean by a mixed strategy, let aLk denote 
the kth action of player j with k:l, 2, . . . , K. The mixed 
strategy of player j, denoted by the set of probabilities 
{pl-k}th is an integral part of the linear combination 

(1) 

Equivalently, we may express qj as the inner product 

qupj-Taj forj:l,2, . . . ,n (2) 

where 
pj:[pj,l,pj,2, . . . , ij]T is the mixed strategy vector; 
i T . . . . . _ 

(211f[aj, l,aj,2, . . . , ajK] 1s the determin1st1c action vector, 
an 

the superscript T denotes matrix transposition. 
For all j, the elements of the mixed strategy vector pj satisfy 

two conditions: 

0 épjykél (3) 

and 

K (4) 

Note also that the mixed strategies for the different players 
are statistically independent. 

The motivation for permitting the use of mixed strategies is 
the well-known fact that every stochastic game has at least 
one Nash equilibrium in the space of mixed strategies but not 
necessarily in the space of pure strategies, hence the preferred 
use of mixed strategies over pure strategies. The purpose of a 
learning algorithm is that of computing a mixed strategy, 
namely a sequence {q(l), q(2), . . . , q(t)} over time t. 
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12 
It is also noteworthy that the implication of (1) through (4) 

is that the entire set of mixed strategies lies inside a convex 
simplex or convex hull, whose dimension is K—l and whose 
K vertices are the a?k. Such a geometric con?guration makes 
the selection of the best mixed strategy in a multiple-player 
environment a more dif?cult proposition to tackle than the 
selection of the best base action in a single-player environ 
ment. 

The formulation of Nash equilibrium assumes that the 
players are rational, which means that each player has a “view 
of the world”. Mutual knowledge of rationality and common 
knowledge of beliefs may be su?icient for deductive justi? 
cation of the Nash equilibrium. Belief refers to state of the 
world, expressed as a set of probability distributions over 
tests, “tests” meaning a sequence of actions and observations 
that are executed at a speci?c time. 

Despite the insightful value of the above proposed justi? 
cation, the notion of the Nash equilibrium has two practical 
limitations: 

(i) The approach advocates the use of a best-response strat 
egy (i.e., a strategy whose outcome against an opponent 
with a similar goal is the best possible one). But in a 
two-player game for example, if one player adopts a 
non-equilibrium strategy, then the optimal response of 
the other player is also of a non-equilibrium kind. In 
such situations, the Nash-equilibrium approach is no 
longer applicable. 

(ii) Description of a non-cooperative game is essentially 
con?ned to an equilibrium condition. Unfortunately, the 
approach does not teach about the underlying dynamics 
involved in establishing that equilibrium. 

To re?ne the Nash equilibrium theory, we may embed 
leaming models in the formulation of game-theoretic algo 
rithms. This new approach provides a foundation for equilib 
rium theory, in which less than fully rational players strive for 
some form of optimality over time. 

Statistical learning theory is a well-developed discipline 
for dealing with uncertainty, which makes it well-suited for 
solving game-theoretic problems. In this context, a class of 
no-regret algorithms is attracting a great deal of attention in 
the machine-leaming literature. 
The provision of “no-regret” is motivated by the desire to 

ensure two practical end-results: 
(i) A player does not get unlucky in an arbitrary nonsta 

tionary environment. Even if the environment is not 
adversarial, the player could experience bad perfor 
mance when using an algorithm that assumes indepen 
dent and identically distributed (i.i.d.) examples. The 
no-regret provision guarantees that such a situation does 
not arise. 

(ii) Clever opponents of that player do not exploit dynamic 
changes or limited resources for their own sel?sh ben 
e?ts. 

The notion of regret can be de?ned in different ways. In a 
uni?ed treatment of game-theoretic learning algorithms, 
Greenwald (A. Greenwald, “Game-Theoretic Learning”, 
Tutorial Notes presented at the International Conference on 
Machine Learning, Banff, Alberta, July 2004) identi?es three 
regret variations, including external regret, internal regret, 
and swap regret. One particular de?nition of no regret is 
basically a rephrasing of boosting, which coincides with 
external regret as proposed by Greenwald. The original for 
mulation of boosting is due to Freund and Schapire in Y. 
Freund and R. E. Schapire, “A decision-theoretic generaliza 
tion of on-line learning and an application to boosting”, Jour 
nal of Computer and System Sciences, volume 55, pp. 119 
139, 1997. Basically, boosting refers to the training of a 



US 8,060,035 B2 
13 

committee machine in which several experts are trained on 
data sets with entirely different distributions. It is a general 
method that can be used to improve the performance of any 
learning model. Stated in another way, boosting provides a 
method for modifying the underlying distribution of 
examples in such a way that a strong learning model is built 
around a set of weak learning modules. 

To see how boosting can also be viewed as a no-regret 

proposition, consider a prediction problem with $132, . . . , 
a 

QM denoting a sequence of input vectors. Let x t denote the 
one-step prediction at time t computed by the boosting algo 
rithm operating on this sequence. The prediction error is 

de?ned by the difference EtIYt-TH. Let 1(3) denote a 
convex cost function of the prediction error 3,. The mean 
square error is an example of such a cost function. After 
processing N examples, the resulting cost function of the 
boosting algorithm is given by 

(5) 

If, however, the prediction were to be performed by one of 
the experts using some ?xed hypothesis h to yield the predic 

tion error 301), then the corresponding cost function would 
have the value 

LNUI) = 

N (6) 
[(6100) 

:1 

The regret for not having used hypothesis h is the differ 
ence 

PNUI) = LN — LNUI) (7) 

N 

1:1 

We say that the regret is negative if the difference pN(h) is 
negative. Let H denote the class of all hypotheses used in the 
algorithm. Then the overall regret for not having used the best 
hypothesis heH is given by the supremum 

PM = sup PNUU- (3) 
heH 

A boosting algorithm is synonymous with no-regret algo 
rithms because the overall regret p Nis small no matter which 
particular sequence of input vectors is presented to the algo 
rithm. 

Unfortunately, most no-regret algorithms are designed on 
the premise that the hypotheses are chosen from a small, 
discrete set which, in turn, limits applicability of the algo 
rithms. To overcome this limitation, the Freund-Schapire 
boosting (Hedge) algorithm may be expanded by considering 
a class of prediction problems with internal structure. Spe 
ci?cally, the internal structure presumes two things: 

(i) The input sectors are assumed to lie on or inside an 
almost arbitrary convex set, so long as it is possible to 
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14 
perform convex optimization. For example, we could 
have a d-dimensional polyhedron or d-dimensional 
sphere, where d is dimensionality of the input space. 

(ii) The prediction rules (i.e., experts) are purposely 
designed to be linear. 

An example scenario that has the internal structure embod 
ied under points (i) and (ii) is that of planning in a stochastic 
game described by a Markov decision process, in which state 
action costs are controlled by an adversarial or clever oppo 
nent after the player in question ?xes its own policy. The 
reader is referred to H. B. McMahan, G. J. Gordon, and A. 
Blum, “Planning in the Presence of Cost Functions Con 
trolled by an Adversary”, in Proceedings of the Twentieth 
International Conference on Machine Learning, Washington, 
DC, 2003, for such an example involving a robot path 
planning problem, which may be likened to a cognitive radio 
problem made dif?cult by the actions of a clever opponent. 

Given such a framework, we can always make a legal 
prediction in an ef?cient manner via convex duality, which is 
an inherent property of convex optimization. In particular, it 
is always possible to choose a legal hypothesis that prevents 
the total regret from growing too quickly, and therefore 
causes the average regret to approach zero. 
By exploiting this internal structure, a new learning rule 

referred to as the Lagrangian, hedging algorithm may be 
derived. This new algorithm is of a gradient descent kind, 
which includes two steps, namely, projection and scaling. The 
projection step simply ensures that we always make a legal 
prediction. The scaling step adaptively adjusts the degree to 
which the algorithm operates in an aggressive or conservative 
manner. In particular, if the algorithm predicts poorly, then 
the cost function assumes a large value on the average, which 
in turn tends to make the predictions change slowly. 
The algorithms derives its name from a combination of two 

points: 
(i) The algorithm depends on one free parameter, namely, a 

convex hedging function. 
(ii) The hypothesis of interest can be viewed as a Lagrange 

multiplier that keeps the regret from growing too fast. 
To expand on the Lagrangian issue under point (ii), con 

sider the case of a matrix game using a regret-matching algo 
rithm. Regret-matching, embodied in the so-called general 
ized Blackwell condition, means that the probability 
distribution over actions by a player is proportional to the 
positive elements in the regret vector of that player. For 
example, in the so-called “rock-scissors-paper” game in 
which rock smashes scissors, scissors cut paper, and paper 
wraps the rock, if we currently have a vector made up as 
follows: 

regret 2 versus rock, 
regret —7 versus scissors, and 
regret 1 versus paper, 

then we would play rock 2/3 of the time, never play scissors, 
and play paper 1/3 of the time. The prediction at each step of 
the regret-matching algorithm is a probability distribution 
over actions. Ideally, we desire the no-regret property, which 
means that the average regret vector approaches the region 
where all of its elements are less than or equal to zero. 

However, at any ?nite time, in practice, the regret vector 
may still have positive elements. In such a situation, we 
cannot achieve the no-regret condition exactly in ?nite time. 
Rather, we apply a soft constraint by imposing a quadratic 
penalty function on each positive element of the regret vector. 
The penalty function involves the sum of two components, 
one being the hedging function and the other being an indi 
cator function for the set of unnormalized hypotheses using a 
gradient vector. The gradient vector is itself de?ned as the 
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derivative of the penalty function with respect to the regret 
vector, the evaluation being made at the current regret vector. 
It turns out that the gradient vector is just the regret vector 
with all negative elements set equal to zero. The desired 
hypotheses is obtained by normalizing this vector to form a 
probability distribution of actions, which yields exactly the 
regret-matching algorithm. In choosing the distribution of 
actions in the manner described herein, we enforce the con 
straint that the regret vector is not allowed to move upwards 
along the gradient. The quadratic penalty function cannot 
grow too Quickly, which in turn means that our average 
gradient vector will get closer to the negative orthant, as 
desired. 

In short, the Lagrangian hedging algorithm is a no-regret 
algorithm designed to handle internal structure in the set of 
allowable predictions. By exploiting this internal structure, 
tight bounds on performance and fast rates of convergence are 
achieved when the provision of no regret is of utmost impor 
tance. 

As an alternative to game-theoretic learning exempli?ed 
by a no-regret algorithm, we may look to another approach 
which is rooted in information theory, namely water-?lling. 
To be speci?c, consider a cognitive radio environment involv 
ing n transmitters and n receivers. The environmental model 
is based on two assumptions: 

(i) Communication across a channel is asynchronous, in 
which case the communication process can be viewed as 
a non-cooperative game. For example, in a mesh net 
work consisting of a mixture of ad-hoc networks and 
existing infrastructured networks, the communication 
process from a base station to users is controlled in a 
synchronous manner, but the multi-hop communication, 
process across the ad-hoc network could be asynchro 
nous and therefore non-cooperative. 

(ii) A signal-to-noise ratio (SNR) gap is included in calcu 
lating the transmission rate so as to account for the gap 
between the performance of a practical coding-modula 
tion scheme and the theoretical value of channel capac 
ity. In effect, the SNR gap is large enough to assure 
reliable communication under operating conditions all 
the time. 

In mathematical terms, the essence of transmit power con 
trol for such a noncooperative multi-user radio environment 
may be stated as follows: 

Given a limited number of spectrum holes, select the trans 
mit power levels of n unserviced users so as to jointly 
maximize their data-transmission rates, subject to the 
constraint that an interference or interference-tempera 
ture limit is not violated. 

Spectrum holes, which provide an opportunity for an 
unserviced user to transfer communication signals, and inter 
ference temperature as a measure of interference, are 
described in detail in the above-referenced International 
(PCT) Patent Application Serial No. PCT/CA2005/001562, 
and US. Provisional Patent Application Ser. No. 60/617,638. 

It may be tempting to suggest that the solution of this 
problem lies in simply increasing the transmit power level of 
each unserviced transmitter. However, increasing the trans 
mit power level of any one transmitter has the undesirable 
effect of also increasing the level of interference to which the 
receivers of all the other transmitters are subjected. The con 
clusion to be drawn from this reality is that it is not possible to 
represent the overall system performance with a single index 
of performance. Rather, a tradeoff among the data rates of all 
unserviced users in some computationally tractable fashion 
should be considered. 
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Ideally, we would like to ?nd a global solution to the 

constrained maximization of the joint set of data-transmis 
sion rates under study. Unfortunately, ?nding this global solu 
tion requires an exhaustive search through the space of all 
possible power allocations, in which case we ?nd that the 
computational complexity needed for attaining the global 
solution assumes a prohibitively high level. 

To overcome this computational di?iculty, we use a new 

optimization criterion called competitive optimality, which is 
discussed in Chapter 4 of the doctoral dissertation of W. Yu, 
“Competition and Cooperation in Multi-user Communica 
tion Environments”, Doctoral Dissertation, Stanford Univer 
sity, 2002. In particular, Yu develops an iterative water-?lling 
algorithm for a sub -optimum solution to the multi-user digital 
subscriber line (DSL) environment, viewed as a noncoopera 
tive game. 

The transmit power control problem, may now be restated 
as follows: 

Considering a multi-user cognitive radio environment 
viewed as a noncooperative game, maximize the perfor 
mance of each unserviced transceiver, regardless of 
what all the other transceivers do, but subject to the 
constraint that an interference limit not be violated. 

This formulation of the distributed transmit power control 
problem leads to a solution that is of a local nature. Although 
sub-optimum, the solution is insightful, as described in fur 
ther detail below. 

Consider the simple scenario of FIG. 3, involving two users 
communicating across a ?at-fading channel. The complex 
valued baseband channel matrix is denoted by 

[hm h12 ] (9) H = . 

h21 h22 

Viewing this scenario as a non-cooperative game, we may 
describe the two players of the game as follows: 

The two players are represented by transmitters 1 and 2. In 

the two-user example of FIG. 3, each user is represented 

by a single-input, single-output (SISO) wireless system, 
hence the adoption of transmitters 1 and 2 of the two 

systems as the two players in a game-theoretic interpre 

tation of the example. In a MIMO generalization of this 

example, each user has multiple transmitters. Neverthe 

less, there are still two players, with the two players 

being represented by the two sets of one or more trans 

mitters. 

The pure strategies (i.e., deterministic actions) of the two 
players are de?ned by the power spectral densities S 1 (f) 
and S2(f) that respectively pertain to the transmitted 
signals radiated by antennas of transmitters 1 and 2. 

The payoffs to the two players are de?ned by the data 
transmission rates R1 and R2, which are respectively 
produced by transmitters 1 and 2. 

The noise ?oor of the radio frequency (RF) environment is 
characterized by a frequency-dependent parameter, the power 
spectral density SN(f). In effect, S N(f) de?nes the “noise 
?oor” above which the transmit power controller must ?t the 
transmission data requirements of users 1 and 2. 
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The cross-coupling between the two users in terms of two 
new real-valued parameters (x1 and (x2 may be de?ned by 
writing 

where T is the signal-to-noise ratio (SNR) gap.Assuming that 
the receivers do not perform any form of interference cancel 
lation irrespective of the received signal strengths, we may 
respectively formulate the achievable data-transmission rates 
R1 and R2 as the two de?nite integrals 

R1 = f log2(1 
hotel 

and 

R2 = f log2(1 + 
holeZ 

The term (1.282(1) in the ?rst denominator and the term 
(1.181(1) in the second denominator are due to the cross-cou 
pling between the transmitters and receivers. The remaining 
two terms Nl(f) and N2(f) are noise terms de?ned by 

51(f) 

52(f) (13) 
N2(f)+01151(f)] f 

where S N, l(f) and S N,2(f) are respectively the particular parts 
of the noise-?oor’s spectral density S N(f) that de?ne the spec 
tral contents of spectrum holes 1 and 2. 

We are now ready to formally state the competitive opti 
mization problem as follows: 

Given that the power spectra density 82(f) of a transmitter 
2 is ?xed, maximize the data transmission rate R1 of 
transmitter 1, subject to the constraint 

where Tmax is a prescribed interference temperature limit 
and k is Boltzmann’s constant. A similar statement 
applies to the competitive optimization of transmitter 2. 

Of course, it is understood that both S l(f) and 82(f) remain 
nonnegative for all f. The solution to the optimization prob 
lem described herein follows the allocation of transmit power 
in accordance with a water-?lling procedure. 

FIG. 4 is a plot of results of an illustrative experiment on a 
two-user wireless communication scenario, which were 
obtained using the water-?lling procedure. The results pre 
sented in FIG. 4 were generated under the following condi 
tions, although of course it should be appreciated that these 
results are intended solely for illustrative purposes and that 
similar or different results may be exhibited under different 
test or actual conditions: 
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Narrowband channels uniformly spaced in frequency are 

available to the 2 users, as followsiuser 1, channels 1, 
2, and 3; user 2, channels 4, 5, and 6. 

Modulation strategy is OFDM. 
Multi-user path-loss matrix 

0.5207 0 0 0.0035 0.0020 0.0024 

0 0.5223 0 0.0030 0.0034 0.0031 

0 0 0.5364 0.0040 0.0015 0.0035 

0.0036 0.0002 0.0023 0.7136 0 0 I 

0.0028 0.0029 0.0011 0 0.6945 0 

0.0022 0.0010 0.0034 0 0 0.7312 

Target data transmission rates for users 1 and 2 are 9 and 12 
bits/symbol, respectively. 

Power constraint imposed by interference-temperature 
limit was 0 dB. 

Receiver noise-power level:—30 dB. 
Ambient interference power level:—24 dB. 
The solution presented in FIG. 4 was reached in 2 iterations 

of the water-?lling algorithm. Two things are illustrated in 
FIG. 4: 

(i) the spectrum-sharing process performed using an itera 
tive water-?lling algorithm; and 

(ii) the bit-loading curve at the top of the Figure. 
To add meaning to the important result portrayed in FIG. 4, 

we may state that the optimal competitive response to the all 
pure-strategy corresponds to a Nash equilibrium. Stated in 
another way, a Nash equilibrium is reached if, and only if, 
both users simultaneously satisfy the water-?lling condition. 
An assumption implicit in the water-?lling solution pre 

sented in FIG. 4 is that each transmitter of cognitive radio has 
knowledge of its position with respect to the receivers in its 
operating range at all times. In other words, cognitive radio 
has geographic awareness, which may be implemented by 
embedding a global positioning satellite (GPS) receiver in the 
system design, for instance. 
A transmitter puts its geographic awareness to good use by 

calculating the path loss incurred in the course of electromag 
netic propagation of the transmitted signal to each receiver in 
the transmitter’s operating range, which in turn makes it 
possible to calculate the multi-user path-loss matrix of the 
environment. Let d denote the distance from a transmitter to 
a receiver. Extensive measurements of the electromagnetic 
?eld strength, expressed as a function of the distance d, car 
ried out in various radio environments have motivated an 
empirical propagation formula for the path loss, which 
expresses the received signal power P R in terms of the trans 
mitted signal power PT as 

where the path-loss exponent m varies from 2 to 5, depending 
on the environment, and the attenuation parameter [3 is fre 
quency-dependent. 

Considering the general case of n transmitters indexed by i, 
and n receivers indexed by j, let hi . denote the complex-valued 
channel coe?icient from transm1tter i to receiver j. Then, in 
light of the empirical propagation formula, we may write 
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for i:l, 2, . . . , n andj:l, 2, . . . , n, and with dij being the 

distance from transmitteri to receiver j. Hence, knowing [3, m, 
and dij for all i and j, we may calculate the multi-userpath-loss 
matrix. 

Emboldened by the water-?lling solution illustrated in 
FIG. 4 for a two-user scenario, we may formulate an iterative 
two-loop water-?lling algorithm for the distributed transmit 
power control of a multi-user radio environment. The envi 
ronment involves a set of transmitters indexed by i:l, 2, . . . , 

n and a corresponding set of receivers indexed by j:l, 
2, . . . , n. Viewing the multi-user radio environment as a non 

cooperative game and assuming the availability of an 
adequate number of spectrum holes to accommodate target 
data transmission rates, an iterative water-?lling algorithm 
may proceed as follows: 

(i) Initialization. Unless some prior knowledge is available, 
the power distribution across the n users is set equal to 
zero or some other initial value. 

(ii) Inner loop (iteration). Given a set of allowed channels 
(i.e., spectrum holes): 
User 1 performs water-?lling, subject to its power con 

straint. At ?rst, the user employs one channel, but if its 
target rate is not satis?ed, it may attempt to employ 
two channels, and so on. The water-?lling by user 1 is 
performed with only the noise ?oor to account for. 

User 2 performs the water-?lling process, subject to its 
own power constraint. At this point, in addition to the 
noise ?oor, the water-?lling computation for user 2 
may account for interference produced by user 1. 

The power-constrained water-?lling process is contin 
ued until all n users are dealt with. 

(iii) Outer loop (iteration). After the inner iteration is com 
pleted, the power allocation among the n users is 
adjusted: 
If the actual data transmission rate of any user is found to 

be greater than its target value, the transmit power of 
that user is reduced. 

If, on the other hand, the actual data transmission rate of 
any user is less than the target value, the transmit 
power is increased, keeping in mind that an interfer 
ence limit, illustratively an interference temperature 
limit, is not violated. 

(iv) Con?rmation. After the power adjustments, up or 
down, are completed, the data transmission rates of all 
the n users are checked: 

If the target rates of all the n users are satis?ed, the 
computation is terminated. 

Otherwise, the algorithm goes back to the inner loop, 
and the computations are repeated. This time, how 
ever, the water-?lling performed by every user, 
including user 1, preferably accounts for the interfer 
ence produced by all the other users. 

In effect, the outer loop of the distributed transmit power 
controller tries to ?nd the minimum level of transmit power 
needed to satisfy the target data transmission rates of all n 
users. 

For the distributed transmit power controller to function 
properly, two requirements are preferably satis?ed: 

Each user knows, a priori, its own target rate. 
All target rates lie within a permissible rate region. Other 

wise, some or all of the users will violate the interference 
limit. 

To distributively lie within the permissible rate region, the 
transmitter is preferably equipped with a centralized agent 
that has knowledge of the channel capacity (through rate 
feedback from the receiver, for instance) and multi-user path 
loss matrix (by virtue of geographic awareness). The central 
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ized agent is thereby enabled to decide which particular sets 
of target rates are indeed attainable. 
The iterative water-?lling (WF) approach, rooted in com 

munication theory, has a “top-down, dictatorially-controlled” 
?avor. In contrast, a no-regret algorithm, rooted in machine 
learning, has a “bottom-up” ?avor. In more speci?c terms, we 
may make the following observations: 

(i) The iterative WF algorithm exhibits fast-convergence 
behavior by virtue of incorporating information on both 
the channel and RF environment. On the other hand, a 
no-regret algorithm exempli?ed by the Lagrangian 
hedging algorithm relies on ?rst-order gradient informa 
tion, causing it to converge comparatively slowly. 

(ii) The Lagrangian hedging learner has the attractive fea 
ture of incorporating a regret agenda, the purpose of 
which is to guarantee that the learner cannot be decep 
tively exploited by a clever player. On the other hand, the 
iterative WF algorithm lacks a learning strategy that 
could enable it to guard against exploitation. 

In short, the iterative water-?lling approach has much to 
offer for dealing with multi-laser scenarios, but its perfor 
mance could be improved through interfacing with a more 
competitive, regret-conscious learning-machine that enables 
it to mitigate the exploitation phenomenon. 

Transmit power control techniques have been described in 
substantial detail above. FIG. 5 is a ?ow diagram of a method 
according to an embodiment of the invention, in which power 
control techniques rooted in vastly different technical ?elds 
are combined into one method of controlling transmit power 
in a multi-user wireless communication system. 
As shown, the method 50 begins at 52 with an operation of 

determining a transmit power level for a transmitter. This 
determination is made according to a communication theory 
algorithm, one example of which is an iterative water-?lling 
procedure. The communication theory algorithm used at 52 is 
based on an assumption of transmit behaviours of transmit 
ters in the communication system. 

At 54, the method 50 continues with an operation of moni 
toring transmit behaviours of the transmitters in the commu 
nication system. Whereas the determining operation at 52 
uses a communication theory algorithm, the monitoring 
operation at 54 uses a learning algorithm. 

In one embodiment, the communication theory algorithm 
is an iterative water-?lling procedure which accounts for 
determined transmit power levels of the transmitter and other 
transmitters in the communication system. 
An example of such an iterative procedure has been 

described above, and may begin with initialiZing a transmit 
power distribution across n transmitters. Water-?lling is then 
performed for the transmitter to determine a transmit power 
level for a target data transmission rate of the transmitter 
subject to a power constraint for the transmitter and a level of 
interference, the level of interference comprising a noise ?oor 
plus either initialized transmit power levels or previously 
determined transmit power levels for the other transmitters. A 
determination is then made as to whether a data transmission 
rate of the transmitter is greater than or less than a target data 
transmission rate of the transmitter, and if so, the determined 
transmit power level for the transmitter is adjusted. A similar 
determination is then made for other transmitters, to deter 
mine whether a target data transmission rate of at least one of 
the n transmitters is not satis?ed by a respective adjusted 
transmit power level for the at least one transmitter. The 
water-?lling is repeated where the target data transmission 
rate of at least one of the n transmitters is not satis?ed. 
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The operations of performing, determining whether a data 
transmission rate of a transmitter is greater than or less than a 
target transmission rate, and adjusting may be repeated for 
each of the other transmitters. 

The operation of determining whether the target data trans 
mission rate of at least one of the n transmitters is not satis?ed 
may involve determining whether the target data transmission 
rates of all of the n transmitters are not satis?ed. In this case, 
the water-?lling is repeated where the target data transmis 
sion rates of all of the n transmitters are not satis?ed. A target 
data transmission rate may be considered not satis?ed if an 
actual or attainable data transmission rate differs from the 
target data transmission rate by a predetermined amount. 

Adjusting a transmit power level may involve reducing the 
determined transmit power level for a transmitter where the 
data transmission rate of the transmitter is greater than the 
target data transmission rate of the transmitter. Where the data 
transmission rate of the transmitter is less than the target data 
transmission rate of the transmitter, adjusting may involve 
determining whether increasing the determined transmit 
power level of the transmitter would violate an interference 
level limit, and if not, increasing the determined transmit 
power level of the transmitter. 

The method 50 continues at 56 with an operation of deter 
mining whether the behaviours of the transmitters are consis 
tent with the assumption of behaviours on which the transmit 
power level determination algorithm is based. Any “misbe 
having” transmitters can impact the effectiveness of the trans 
mit power level determination algorithm, and thus the opera 
tion of other transmitters in the communication system. Since 
the transmitters are competing for the same limited resource, 
a particular transmitter should not be allowed to exploit the 
resource for only its own bene?t if this also negatively affects 
other transmitters. 
One possible action which may be taken when the transmit 

behaviour of a transmitter is not consistent with the behaviour 
assumption of the transmit power level determination algo 
rithm would be to generate an alert. Such an alert could be 
raised locally, at a communication device where the method 
50 is being performed, and/ or sent to a remote device or 
system. 

Corrective action may also be taken, as shown at 58. This 
may include actions affecting the transmit power level deter 
mination algorithm at 52 and/or actions taken by a commu 
nication network operator or service provider. A possible 
network operator or service provider corrective action might 
be to increase communication service charges for a user of a 
transmitter which does not abide by the transmit behaviour 
assumption(s) upon which the transmit power level determi 
nation algorithm is based. 
As noted above, transmit power level determination in 

some embodiments involves detecting at least one spectrum 
hole and determining a transmit power level for the transmit 
ter for transmission within the at least one spectrum hole. 

It should be appreciated that the method 50 is intended 
solely for the purposes of illustration. Embodiments of the 
invention may involve further, fewer, or different operations 
which may be performed in a similar or different order than 
explicitly shown. 

For example, in some embodiments, a transmit power con 
trol method also includes an operation of predicting subse 
quent availability of a detected spectrum hole, and the opera 
tions of determining and monitoring at 52, 54 are repeated 
when the at least one spectrum hole is predicted to become 
unavailable. 

Also in the context of spectrum holes, one or more further 
spectrum holes may be detected. The operations of determin 
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ing and monitoring may then be repeated to control transmit 
power levels for transmitters within the further spectrum 
hole(s), such as when an increase in interference in a current 
spectrum hole is detected. 

Transmit power control may also involve determining a 
position of the transmitter relative to other transmitters in the 
communication system. A multi-user path loss matrix of the 
operating environment of the transmitter may then be calcu 
lated based on the determined position of the transmitter 
relative to the other transmitters. 

In terms of a system for controlling transmit power in a 
multi-user wireless communication system, FIG. 6 is a block 
diagram of communication equipment in which embodi 
ments of the invention may be implemented. The communi 
cation equipment 60 includes a transceiver 64 and one or 
more antennas 62 for receiving communication signals (in 
cluding stimuli from interferers) from and transmitting com 
munication signals to other communication equipment. Mul 
tiple antennas 62 are provided, for example, in Multiple-Input 
Multiple-Output (MIMO) communication equipment. The 
communication equipment 60 also includes a, processor 66 
connected to the transceiver 64 and a memory 68. 
Many different types of transceiver 64 and antennas 62 will 

be apparent to those skilled in the art. The particular types of 
the transceiver 64 and to some extent the antennas 62 are 
dependent upon, for example, the type of the communication 
equipment 60 and/ or the communication system in which it is 
intended to operate. The invention is in no way limited to any 
particular type of transceiver 64 or antennas 62. Embodi 
ments of the invention may be implemented, for example, in 
mobile communication devices, base stations, and/or other 
equipment in a wireless communication system. 
The processor 66 may include or be implemented as a 

microprocessor or a digital signal processor, for example, 
which is con?gurable to perform any or all of the functions 
disclosed herein by executing software stored in the memory 
68. Other functions may also be performed by the processor 
66, such that the processor 66 is not necessarily a dedicated 
processor. The speci?c implementation of the processor 66 
and the memory 68, or other functional elements used in 
further embodiments of the invention, may also be dependent 
to some extent on the type of the communication equipment 
60 and/ or the communication system in which it is intended to 
operate. 

In a mobile communication device, for example, the 
memory 68 would typically include a solid state memory 
device, although other types of memory device may also or 
instead be provided in the communication equipment 60. 

In operation, the processor 66 is con?gured, by software 
stored in the memory 68, to determine a transmit power level 
for a transmitter in the transceiver 64 according to an algo 
rithm based in communication theory, illustratively an itera 
tive water-?lling procedure, and to monitor transmit behav 
iours of other transmitters using a learning algorithm. 

Information associated with transmit behaviours of the 
other transmitters may be received by the processor 66 
through a receiver in the transceiver 64 and the antenna(s) 62. 
More generally, the processor 66 has an input which receives 
transmit behaviour information associated with other trans 
mitters in a communication system. 
The processor 66 may perform these operations substan 

tially as described above. Other operations may also be per 
formed. For example, the processor 66 may participate 
directly or indirectly in corrective actions that affect “misbe 
having” transmitters. Indirect participation may involve 
detecting transmit behaviours that are not consistent with 
assumed conditions under which a transmit power control 
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algorithm operates most effectively and alerting another 
device or system to this detection. Direct participation would 
involve a corrective action being performed by the processor 
66 itself. 

Communication equipment may also or instead include a 
GPS receiver, which would allow the processor 66 to deter 
mine a position of its transmitter based on signals received by 
the GPS receiver. 

It should be appreciated that the present invention is in no 
way limited to the particular operations or system compo 
nents explicitly shown in FIGS. 5 and 6. Embodiments of the 
invention may include further or fewer operations or compo 
nents which are performed or connected differently than 
shown in the drawings. For example, the techniques disclosed 
herein may be applied to communication equipment in which 
only a receiver, a transmitter, or a single antenna or sensor are 
provided. The various functions disclosed herein may also be 
implemented using separate hardware, software, and/or ?rm 
ware components, and need not be performed by a single 
module such as the processor shown in FIG. 6. Other imple 
mentations of embodiments of the invention, as instructions 
stored on a machine-readable medium, for example, are also 
contemplated. 

It should also be appreciated that use of the term “user” 
herein is not intended to imply that the present invention is 
restricted to use in conjunction with only end user communi 
cation equipment. The techniques disclosed herein could be 
employed at end user handsets, communication system base 
stations or other network equipment, or both. 

In addition, those skilled in the art will note that the term 
“user” has in some cases been used to refer to communication 
equipment of a user as opposed to an actual user of that 
equipment, in the context of a multi-user communication 
system or determining transmit power levels for users. 

References to “users” should be interpreted accordingly. 
Dynamic spectrum management, also commonly referred 

to as dynamic frequency allocation, is a process which could 
be performed in a transmitter. Transmit power control as 
described in detail above is also performed in a transmitter. 
These two tasks are so intimately related to each other that 
both may be included in a single functional module which 
performs the role of multiple-access control in the basic cog 
nitive cycle of FIG. 1. 

Simply put, one primary purpose of spectrum management 
is to develop an adaptive strategy for the ef?cient and effec 
tive utilization of the RF spectrum. Speci?cally, a spectrum 
management algorithm may build on spectrum holes detected 
during radio-scene analysis, as described in the co-pending 
application incorporate above, and the output of a transmit 
power controller to select communication parameters such as 
a modulation strategy that adapt to the time-varying condi 
tions of the radio environment, all the time assuring reliable 
communication across the channel. Communication reliabil 
ity may be assured, for example, by choosing the SNR gap F 
large enough a priori, as discussed above. 
A modulation strategy that lends itself to cognitive radio is 

OFDM, by virtue of its ?exibility and computational ef? 
ciency. For its operation, OFDM uses a set of carrier frequen 
cies centered on a corresponding set of narrow channel band 
widths. The availability of rate feedback (through the use of a 
feedback channel) permits the use of bit-loading, whereby the 
number of bits/ symbol for each channel is optimized for the 
signal-to-noise ratio characterizing that channel. This opera 
tion is illustrated by the uppermost curve in FIG. 4. 
As time evolves and spectrum holes come and go, the 

bandwidth-carrier frequency implementation of OFDM is 
dynamically modi?ed, as illustrated in the time-frequency 
plot pictured in FIG. 7 for the case of 4 carrier frequencies. 
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FIG. 7 illustrates a distinctive feature of cognitive radio: a 
dynamic spectrum sharing process, which evolves in time. In 
effect, the spectrum sharing process satis?es the constraint 
imposed on cognitive radio by the availability of spectrum 
holes at a particular geographic location and their possible 
variability with time. Throughout the spectrum-sharing pro 
cess, a transmit power controller may keep an account of the 
bit-loading across the spectrum holes currently in use. In 
effect, a dynamic spectrum manager and a transmit power 
controller may work in concert together, thereby providing 
multiple-access control. 

Starting with a set of spectrum holes, which may be 
detected as described in the above-referenced International 
(PCT) Patent Application Serial No. PCT/CA2005/001562, 
and US. Provisional Patent Application Ser. No. 60/617,638, 
it is possible for a dynamic spectrum management algorithm 
to confront a situation where a prescribed frame-error rate 
cannot be satis?ed. In situations of this kind, the algorithm 
can do one of two things: 

(i) work with a more spectrally ef?cient modulation strat 
egy; or else 

(ii) incorporate the use of one or more other spectrum 
holes. 

In approach (i), the algorithm resorts to increased compu 
tational complexity, and in approach (ii), it resorts to 
increased channel bandwidth so as to maintain communica 
tion reliability. 
A dynamic spectrum management algorithm may take traf 

?c considerations into account. In a code-division multiple 
access (CDMA) system like IS-95, for example, there is a 
phenomenon called cell breathing. Cells in the system effec 
tively shrink and grow over time. Speci?cally, if a cell has 
more users, then the interference level tends to increase, 
which is counteracted by allocating a new incoming user to 
another cell. That is, the cell coverage is reduced. If, on the 
other hand, a cell has less users, then the interference level is 
correspondingly lowered, in which case the cell coverage is 
allowed to grow by accommodating new users. So in a 
CDMA system, traf?c and interference levels are associated 
together. In a cognitive radio system based on CDMA, a 
dynamic spectrum management algorithm naturally focuses 
on the allocation of users, ?rst to white spaces with low 
interference levels and then to grey spaces with higher inter 
ference levels. 
When using other multiple-access techniques, such as 

OFDM, co-channel interference should be avoided. To 
achieve this goal, a dynamic-spectrum management algo 
rithm may include a traf?c model of the primary user occu 
pying a portion of the spectrum. The traf?c model, which 
could be built on historical data, provides a basis for predict 
ing future traf?c patterns in that portion of the spectrum, 
which in turn makes it possible to predict the duration for 
which a spectrum hole vacated by a primary user is likely to 
be available for use by a cognitive radio operator. 

In a wireless environment, two classes of traf?c data pat 
tern are distinguished, including deterministic patterns and 
stochastic patterns. In a deterministic traf?c pattern, the pri 
mary user (e.g., TV transmitter, radar transmitter) is assigned 
a ?xed time slot for transmission. When it is switched OFF, 
the frequency band is vacated and can therefore be used by a 
cognitive radio operator. Stochastic patterns, on the other 
hand, can only be described in statistical terms. Typically, the 
arrival times of data packets are modeled as a Poisson pro 
cess, while the service times are modeled as uniformly dis 
tributed or Poisson distributed, depending on whether the 
data are packet-switched or circuit-switched, respectively. In 
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any event, the model parameters of stochastic tra?ic data vary 
slowly, and therefore lend themselves to on-line estimation 
using historical data. Moreover, by building a tracking strat 
egy into design of the predictive model, the accuracy of the 
model can be further improved. 
What has been described is merely illustrative of the appli 

cation of the principles of the invention. Other arrangements 
and methods can be implemented by those skilled in the art 
without departing from the scope of the present invention. 

For example, it may be useful to consider possible emer 
gent behavior of cognitive radio. 

The cognitive radio environment is naturally time varying. 
Most important, it exhibits a unique combination of charac 
teristics including, among others, adaptivity, awareness, 
cooperation, competition, and exploitation. Given these char 
acteristics, we may wonder about the emergent behavior of a 
cognitive radio environment in light of what we know on two 
relevant ?elds: self-organizing systems, and evolutionary 
games. 

First, we note that the emergent behavior of a cognitive 
radio environment viewed as a game, is in?uenced by the 
degree of coupling that may exist between the actions of 
different players (i.e., transmitters) operating in the game. 
The coupling may have the effect of amplifying local pertur 
bations in a manner analogous with Hebb’ s postulate of leam 
ing, which accounts for self-ampli?cation in self-organizing 
systems. Clearly, if they are left unchecked, the ampli?ca 
tions of local perturbations would ultimately lead to instabil 
ity. From the study of self-organizing systems, we know that 
competition among the constituents of such a system can act 
as a stabilizing force. By the same token, we expect that 
competition among the users of cognitive radio for limited 
resources (e.g., spectrum holes) may have the in?uence of a 
stabilizer. 

For additional insight, we next look to evolutionary games. 
The idea of evolutionary games, developed for the study of 
ecological biology, was ?rst introduced by Maynard Smith in 
1 974. In his landmark works (J. Maynard Smith, “The Theory 
or Games and the Evolution of Animal Con?icts”, J. Theo 
retical Biology, vol. 47, pp. 209-221, 1974, and J. Maynard 
Smith, Evolution and the Theory of Games, Cambridge Uni 
versity Press, 1982), Maynard Smith wondered whether the 
theory of games could serve as a tool for modeling con?icts in 
a population of animals. In speci?c terms, two critical insights 
into the emergence of so-called evolutionary stable strategies 
were presented by Maynard Smith, as succinctly summarized 
in P. W. Glimcher, Decisions, Uncertainty, and theBrain: The 
science of neuroeconomics, MIT Press, 2003 and H. G. 
Schuster, Complex Adaptive Systems An Introduction, 
Springer-Verlag, 2001: 
The animals’ behavior is stochastic and unpredictable, 
when it is viewed at the microscopic level of individual 
acts. 

The theory of games provides a plausible basis for explain 
ing the complex and unpredictable patterns of the ani 
mals’ behavior. 

Two key issues are raised here: 
1. Complexity. The new sciences of complexity may well 
occupy much of the intellectual activity in the 21st cen 
tury. In the context of complexity, it is perhaps less 
ambiguous to speak of complex behavior rather than 
complex systems. A nonlinear dynamic system may be 
complex in computational terms but incapable of exhib 
iting complex behavior. By the same token, a nonlinear 
system can be simple in computational terms but its 
underlying dynamics are rich enough to produce com 
plex behavior. The emergent behavior of an evolutionary 
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game may be complex, in the sense that a change in one 
or more of the parameters in the underlying dynamics of 
the game can produce a dramatic change in behavior. 
Note that the dynamics must be nonlinear for complex 
behavior to be possible. 

2. Unpredictability. Game theory does not require that 
animals be fundamentally unpredictable. Rather, it 
merely requires that the individual behavior of each 
animal be unpredictable with respect to its opponents. 

From this brief discussion on evolutionary games, we may 
conjecture that the emergent behavior of a multi-user cogni 
tive radio environment is explained by the unpredictable 
action of each user, as seen individually by the other users 
(i.e., opponents). 

Moreover, given the con?icting in?uences of cooperation, 
competition, and exploitation on the emergent behavior of a 
cognitive radio environment, we may identify two possible 
end-results: 

(i) Positive emergent behavior, which is characterized by 
order, and therefore a harmonious and e?icient utiliza 
tion of the radio spectrum by all users of the cognitive 
radio. The positive emergent behavior may be likened to 
Maynard Smith’s evolutionary stable strategy. 

(ii) Negative emergent behavior, which is characterized by 
disorder, and therefore a culmination of tra?ic jams, 
chaos, and unused radio spectrum. The possibility of 
characterizing negative emergent behavior as a chaotic 
phenomenon needs some explanation. Idealized chaos 
theory is based on the premise that dynamic noise in a 
state-space model describing the phenomenon of inter 
est is zero. However, it is unlikely that this highly restric 
tive condition is satis?ed by real-life physical phenom 
ena. So, the proper thing to say is that it is feasible for a 
negative emergent behavior to be stochastic chaotic. 

From a practical perspective, what we need are, ?rst, a 
reliable criterion for the early detection of negative emergent 
behavior (i.e., disorder) and, second, corrective measures for 
dealing with this undesirable behavior. With regards to the 
?rst issue, we recognize that cognition, in a sense, is an 
exercise in assigning probabilities to possible behavioral 
responses. In light of this, it may be said that in the case of 
positive emergent behavior, predictions are possible with 
nearly complete con?dence. On the other hand, in the case of 
negative emergent behavior, predictions are made with far 
less con?dence. We may thus think of a likelihood function 
based on predictability as a criterion for the onset of negative 
emergent behavior. In particular, we envision a maximum 
likelihood detector, the design of which is based on the pre 
dictability of negative emergent behavior. 

Cognitive radio holds the promise of a new frontier in 
wireless communications. Speci?cally, with dynamic coor 
dination of a spectrum sharing process, signi?cant “white 
space” can be created in the spectrum, which in turn makes it 
possible to improve spectrum utilization under constantly 
changing user conditions. The dynamic spectrum sharing 
capability builds on two matters: 

(i) a paradigm shift in wireless communications from 
transmitter-centricity to receiver-centricity, whereby 
interference power rather than transmitter emission is 
regulated; and 

(ii) awareness of and adaptation to the environment by the 
radio. 

Cognitive radio is a computer-intensive system, so much so 
that we may think of it as a radio with a computer inside or a 
computer that transmits. Such a system provides a novel basis 
for balancing the communication and computing needs of a 
user against those of a network with which the user would like 
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to operate. With so much reliance on computing, language 
understanding may play a key role in the organization of 
domain knowledge for the cognitive cycle, which may 
include any or all of the following: 

(i) a wake cycle, as shown in FIG. 1, during which the 
cognitive radio supports the tasks of passive radio-scene 
analysis, active transmit-power control and dynamic 
spectrum management, and possibly other tasks such as 
channel-state estimation and predictive modeling; 

(ii) a sleep cycle, during which incoming stimuli are inte 
grated into the domain knowledge of a “personal digital 
assistant”; and 

(iii) a prayer cycle, which caters to items that cannot be 
dealt with during the sleep cycle and may therefore be 
resolved through interaction of the cognitive radio with 
the user in real time. 

It is widely recognized that the use of a MIMO antenna 
architecture can provide for a spectacular increase in the 
spectral ef?ciency of wireless communications. With 
improved spectrum utilization as one of the primary objec 
tives of cognitive radio, it seems logical to explore building 
the MIMO antenna architecture into the design of cognitive 
radio. The end result is a cognitive MIMO radio that offers the 
ultimate in ?exibility, which is exempli?ed by four degrees of 
freedom: carrier frequency, channel bandwidth, transmit 
power, and multiplexing gain. 

Turbo processing has established itself as one of the key 
technologies for modern digital communications. In speci?c 
terms, turbo processing has made it possible to provide sig 
ni?cant improvements in the signal processing operations of 
channel decoding and channel equalization, both of which are 
basic to the design of digital communication systems. Com 
pared to traditional design methodologies, these improve 
ments manifest themselves in spectacular reductions in frame 
error rates for prescribed signal-to-noise ratios. It also seems 
logical to build turbo processing into the design of cognitive 
radio in order to support Quality of Service (QoS) require 
ments, for example. 

With computing being so central to the implementation of 
cognitive radio, it is natural that we keep nanotechnology in 
mind as we look to the future. Since the ?rst observation of 
multi-walled carbon nanotubes in transmission electron 
microscopy studies, carbon nanotubes have been explored 
extensively in theoretical and experimental studies of nano 
technology. Nanotubes offer the potential for a paradigm shift 
from the narrow con?ne of today’s information processing 
based on silicon technology to a much broader ?eld of infor 
mation processing, given the rich electro-mechano-opto 
chemical functionalities that are endowed in nanotubes. This 
paradigm shift may well impact the evolution of cognitive 
radio in its own way. 

The potential for cognitive radio to make a signi?cant 
difference to wireless communications is immense, hence the 
reference to it as a disruptive but unobtrusive technology. In 
the ?nal analysis, however, one key issue that may shape the 
evolution of cognitive radio in the course of time, be that for 
civilian or military applications, is trust, which is two-fold, 
including trust by the users of cognitive radio, and trust by all 
other users who might be interfered with. 
We claim: 
1. A method of controlling transmit power in a multi-user 

wireless communication system, comprising: 
determining a transmit power level for a transmitter in the 

wireless communication system according to a commu 
nication theory algorithm, the communication theory 
algorithm being based on an assumption of behaviours 
of transmitters in the communication system; 
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28 
monitoring behaviours of the transmitters in the commu 

nication system using a learning algorithm, the monitor 
ing comprising determining consistency between the 
behaviours of the transmitters and the assumption of 
behaviours; and 

generating an alert where the behaviour of one or more of 
the transmitters is not consistent with the assumption. 

2. The method of claim 1, wherein the communication 
theory algorithm comprises an iterative water-?lling proce 
dure, the iterative water-?lling procedure accounting for 
determined transmit power levels of the transmitter and other 
transmitters in the communication system. 

3. The method of claim 2, wherein the iterative water 
?lling procedure comprises: 

initializing a transmit power distribution across n transmit 

ters; 
performing water-?lling for the transmitter to determine a 

transmit power level for a target data transmission rate of 
the transmitter subject to a power constraint for the 
transmitter and a level of interference, the level of inter 
ference comprising a noise ?oor plus either initialized 
transmit power levels or previously determined transmit 
power levels for the other transmitters; 

determining whether a data transmission rate of the trans 
mitter is greater than or less than a target data transmis 
sion rate of the transmitter, and if so, adjusting the deter 
mined transmit power level for the transmitter; 

determining whether a target data transmission rate of at 
least one of the n transmitters is not satis?ed by a respec 
tive adjusted transmit power level for the at least one 
transmitter, and repeating the operation of performing 
water-?lling where the target data transmission rate of at 
least one of the n transmitters is not satis?ed. 

4. The method of claim 3, wherein the operations of per 
forming, determining whether a data transmission rate of a 
transmitter is greater than or less than a target transmission 
rate, and adjusting are repeated for each of the other trans 
mitters, wherein determining whether the target data trans 
mission rate of at least one of the n transmitters is not satis?ed 
comprises determining whether the target data transmission 
rates of all of the n transmitters are not satis?ed, and wherein 
repeating the operation of performing water-?lling comprises 
repeating the operation of performing water-?lling where the 
target data transmission rates of all of the n transmitters are 
not satis?ed. 

5. The method of claim 3, wherein adjusting comprises 
reducing the determined transmit power level for the trans 
mitter where the data transmission rate of the transmitter is 
greater than the target data transmission rate of the transmit 
ter, and wherein, where the data transmission rate of the 
transmitter is less than the target data transmission rate of the 
transmitter, adjusting comprises: 

determining whether increasing the determined transmit 
power level of the transmitter would violate an interfer 
ence level limit; and 

increasing the determined transmit power level of the 
transmitter where increasing the determined transmit 
power level of the transmitter would not violate an inter 
ference level limit. 

6. The method of claim 1, wherein the learning algorithm 
comprises a regret-conscious learning algorithm or a 
Lagrangian learning algorithm. 

7. A non-transitory machine-readable medium storing 
instructions which when executed perform the method of 
claim 1. 

8. A method of controlling transmit power in a multi-user 
wireless communication system, comprising: 












